Potent and selective active-site-spanning inhibitors have been designed for cathepsin K, a cysteine protease unique to osteoclasts. They act by mechanisms that involve tight binding intermediates, potentially on a hydrolytic pathway. X-ray crystallographic, MS, NMR spectroscopic, and kinetic studies of the mechanisms of inhibition indicate that different intermediates or transition states are being represented that are dependent on the conditions of measurement and the specific groups f lanking the carbonyl in the inhibitor. The species observed crystallographically are most consistent with tetrahedral intermediates that may be close approximations of those that occur during substrate hydrolysis. Initial kinetic studies suggest the possibility of irreversible and reversible active-site modification. Representative inhibitors have demonstrated antiresorptive activity both in vitro and in vivo and therefore are promising leads for therapeutic agents for the treatment of osteoporosis. Expansion of these inhibitor concepts can be envisioned for the many other cysteine proteases implicated for therapeutic intervention.
Cathepsin K, a cysteine protease of the papain superfamily, has been implicated in the process of bone resorption (1) (2) (3) . Selective inhibitors of cathepsin K therefore could be promising therapeutic agents for the treatment of diseases characterized by excessive bone loss, such as osteoporosis.
Cysteine proteases have been broadly implicated as targets for therapeutic intervention (e.g., cancer, arthritis, viral and parasitic diseases) (4) . Generally, the known inhibitors of cysteine proteases occupy only one-half of the enzyme active site and often contain an inherently reactive functional group (e.g., epoxide, chloromethyl ketone) (ref. 4 , pp. 47-63; ref. 5) . Evaluation of the x-ray structures of various inhibitors bound to papain suggests that inhibitor design spanning both sides of the active site may be a critical aspect of selectivity. Members of the papain superfamily are relatively invariant on the SЈ side of the active site cysteine whereas most of the differences are seen on the S side of the active site [nomenclature of Schechter and Berger (6) ]. When good binding can be achieved in the SЈ direction by an inhibitor that binds in only one-half of the active site, selectivity seems unlikely despite any selectivity achieved by alternate binding in the S direction. The presence of binding elements on both sides of the active site assures an increased likelihood of binding in a single direction, and that S-site recognition will be utilized during inhibitor binding. Additionally, SЈ-site recognition appears to be an important aspect of inhibitor potency, as has been demonstrated by Abeles with azapeptide esters and amides (7) . Also important to the successful design of protease inhibitors suitable for chronic therapeutic applications is the avoidance of inherently reactive functional groups that may lead to undesired antigenic and immunologic responses (8) . This constraint has been applied to a successful therapeutic endpoint in the design of inhibitors of angiotensin converting enzyme (9), a metalloprotease, and inhibitors of HIV protease (10) , an aspartyl protease, but not for serine or cysteine proteases. X-ray crystallographic studies carried out in our laboratories on papain complexed to peptide aldehyde inhibitors have revealed an unexpected mode of binding for such compounds.
Although leupeptin (Ac-Leu-Leu-Arg-H) (compound 1) was observed to bind on the S side of the active site as had been previously reported (11) , the closely related aldehyde 2 was observed to bind only in the SЈ direction (Fig. 1) . The overlay of these two crystal structures led to the successful design of a potent class of 1,3-diamino-2-propanones that span both sides of the active site (compound 3) (12) . The present report describes the design and synthesis of the bis(aza) analogs of 3 as well as diacylhydrazines containing a thiazole amide bond isostere that are potent and selective inhibitors of cathepsin K and span both sides of its active site.
MATERIALS AND METHODS
Inhibitor Synthesis. Symmetric inhibitors 4 and 5 were prepared by treatment of carbohydrazide with 2 equivalents of a Z amino acid, 2 equivalents of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC⅐HCl), and 0.2 equivalents of 1-hydroxybenzotriazole (HOBT) in N,N-dimethylformamide (DMF). Tritiated 4 was prepared analogously by using [ 3 H 2 ]Z-leucine. The ( coupling with Z-leucine as above. Unsymmetric inhibitors 6-8 were prepared by sequential treatment of Z-leucine methyl ester with hydrazine hydrate in methanol, phosgene in toluene, hydrazine hydrate in methanol, and coupling with a carboxylic acid as above, except using 1 equivalent each of the carboxylic acid and EDC⅐HCl. The carboxylic acid used in the synthesis of 7 was prepared by sequential treatment of methyl 4-bromomethylbenzoate with dimethylamine in methanol, lithium aluminum hydride in ether, ␣-isocyanato-L-leucine methyl ester (13) in toluene, and lithium hydroxide (LiOH) in tetrahydrofuran (THF)͞water. The 3-benzyloxybenzoic acid used in the synthesis of 8 was prepared by treatment of methyl 3-hydroxybenzoate with sodium hydride and benzyl bromide in DMF followed by treatment with LiOH in THF͞water. Inhibitors 9 and 10 were prepared by treatment of Z-leucine with isobutyl chloroformate and N-methylmorpholine in THF at Ϫ40°C and subsequent addition of gaseous ammonia, followed by sequential treatment with Lawesson's reagent in THF, ethyl bromopyruvate in acetone, trifluoroacetic anhydride in methylene chloride, then hydrazinolysis and coupling with a Z amino acid as above. [ 3 H 2 ]-9 was prepared as above by using [ 3 H 2 ]Z-leucine in the final step. All compounds were characterized by satisfactory proton NMR and MS data.
Protein Supply and Enzyme Inhibition Assays. Cathepsin K was expressed in baculovirus-infected cells and activated to its mature form as described previously (2) . Cathepsin B and cathepsin L were obtained from Calbiochem. Cathepsin S was expressed in baculovirus-infected cells and purified by a method similar to that reported for cathepsin K (2) . The details will be described separately. The protein was activated as previously described (14) except that the activation was carried out for 45-55 min at 37°C instead of 3 hr. Enzyme inhibition was evaluated as previously described (15) .
MS and NMR Analysis of Cathepsin K͞Inhibitor Complexes. For the MS analysis of products released on inhibition of cathepsin K by compound 4, cathepsin K (10 M) in 100 mM sodium acetate (pH 5.5)͞5 mM EDTA͞5 mM cysteine was incubated with compound 4 (50 M) for 0.5 hr. Reaction was halted by the addition of 1.5 volumes of dimethyl sulfoxide (DMSO). The reaction mixtures were injected (200 L) on a Beckman Ultrasphere ODS 4.6 mm ϫ 250 mm column at a flow rate of 1 ml͞min. The gradient program used solvent A [99.9% water, 0.1% trifluoroacetic acid (TFA)] and solvent B [90% acetonitrile (CH 3 CN), 9.9% water, 0.1% TFA]. The gradient was programmed to start at 33% B (hold for 11 min) and increase to 55% B in 19 min (hold for 3 min), then increase to 100% B in 7 min (hold for 20 min). The column effluent was split approximately 125:1 with the minor portion going to the mass spectrometer and the remainder going to the UV detector (214 nm). Electrospray mass spectra were recorded on a PE-Sciex API-III triple quadrupole mass spectrometer (Thornhill, Canada). The mass spectrometer was scanned from m͞z 83 to 93 (OR ϭ 160 V, to produce marker ion m͞z 91) and m͞z 250 to 2,000 (OR ϭ 55 V, to produce molecular ions with no fragmentation). For the detection of the cathepsin K adducts with inhibitors, compounds 4, 8, and 9 were incubated with 27 M cathepsin K in 20 mM 2-(N-morpholino)ethanesulfonic acid (Mes)͞10 mM sodium chloride (NaCl)͞2 mM Cys, pH 6.0 at inhibitor concentrations and incubation times of 270 M for 2 hr, 270 M for 3 hr, and 135 M for 1.25 hr, respectively. All inhibitors were in 20% DMSO. The reaction mixtures were injected (50-100 pmol) directly onto a 0.5-mm i.d. Reliasil C18 RP HPLC column at a flow rate of 20 l͞min connected on-line to the mass spectrometer. The gradient program used solvent A (97.9% water͞2% CH 3 CN͞0.1% TFA) and solvent B (90% CH 3 CN͞9.9% water͞0.1% TFA). The gradient was programmed to start at 5% B and increase to 95% B in 20 min (hold for 20 min). The column effluent was split approximately 5:1 with the minor portion going to the mass spectrometer and the remainder going to the UV detector (214 nm). The mass spectrometer was scanned from m͞z 1,150 to 2,250 with OR ϭ 80 V. Each m͞z scan was 5.48 s by using 0.25 m͞z steps. Alternatively, the samples were subjected to direct electrospray MS analysis. The sample for NMR analysis was dialyzed into 90% water͞10%D 2 O, 50 mM acetate-d 3 , 250 mM NaCl, and 2 mM L-Cys, pH 4.0.
Crystallography. Protein was prepared as described previously (16) . Crystals of mature, activated cathepsin K complexed with inhibitor 4 grew to a size of Ϸ0.2 mm 3 in about 6 days at 20°C. The concentration of inhibited cathepsin K used in the crystallization was approximately 8 mg͞ml. Crystals were grown by using the vapor diffusion method with the reservoir containing 30% MPD, 0.1 M Mes, and 0.1 M Tris at pH 7. Crystals of the complex are orthorhombic, space group P2 1 2 1 2 1 , with cell constants of a ϭ 38.4, b ϭ 50.7, and c ϭ 104.9. X-ray diffraction data were measured from a single crystal by using a Siemens two-dimensional, position-sensitive detector on a Siemens rotating anode generator operating at 5 kW. The structure was determined by rigid body refinement by using X-PLOR, and the starting model consisted of the protein atoms from the crystal structure of cathepsin K in complex with the cysteine protease inhibitor E64 (16) . Fourier maps with coefficients ͉F o -F c ͉ and ͉2F o -F c ͉ were used to fit the atomic model 1 2, with cell constants of a ϭ 57.6 Å and c ϭ 131.2 Å. The data were collected and the structure was determined at 2.4 Å resolution as described. The final R c was 0.237.
Crystals of mature, activated cathepsin K complexed with inhibitor 9 grew as above for inhibitor 4 and are very similar to those of the complex with 4. Diffraction data were collected and the structure was determined at 2.4 Å resolution as described. The final R c was 0.211.
Human Osteoclast Resorption Assay. Human osteoclasts were disaggregated from fresh osteoclastoma tissue and used in the human osteoclast resorption assay as described (15) . Osteoclastic resorption was measured by using a competitive ELISA according to the manufacturer's protocol (Osteometer, Rodovre, Denmark). The assay measures carboxyl-terminal telopeptides of the ␣1 chain of human type I collagen that are released during the resorption process (17) . The results were expressed as percent inhibition of resorption compared with supernatants derived from osteoclasts cultured in the absence of inhibitors.
In Vivo Studies in the TPTX (Thyroparathyroidectomized) Rat Model. Adult male thyroparathyroidectomized rats maintained on a calcium-deficient diet for 24 hr were sorted into groups (n ϭ 5͞group) having the same mean (ϮSD) bloodionized calcium level and then infused (i.v.) for 6 hr with either human parathyroid hormone [hPTH(1-34)] (0.3 nM͞kg per hr) or hPTH(1-34) plus compound 7 (13 mg͞kg per hr). Blood levels of ionized calcium were measured at 0, 2, 4, and 6 hr during the infusion, and the data were expressed as mean percent change from baseline.
RESULTS AND DISCUSSION
Compound 4 is a potent time-dependent inhibitor of cathepsin K exhibiting an apparent second-order rate constant (k obs ͞[I]) of 3.1 ϫ 10 6 M Ϫ1 s
Ϫ1
. X-ray analysis of the enzyme-inhibitor complex at 2.2 Å resolution revealed a mode of binding consistent with addition of the catalytic cysteine thiol to the central urea carbonyl. The inhibitor 4 is bound across both S and SЈ sides of the active site ( Fig. 2 A and B) . On the S side of the active site, the leucine side chain is bound tightly in the group appears to participate in an edge-face -interaction with Tyr-67. On the SЈ side of the active site, the Z group is oriented to participate in a -interaction with Trp-184, whereas the isobutyl group is involved in a hydrophobic interaction with one face of the active site composed of residues Gln-21, Cys-22, and Gly-23. Compound 6, an analog of 4 in which one of the leucine residues was replaced with alanine, was 4-fold less potent than 4 (Table 1 ). However, replacement of both leucine residues with alanine (compound 5) gave rise to a Ͼ1,000-fold decrease in potency, demonstrating the necessity for at least one leucine residue to achieve potent inhibition. An aqueous-soluble analog (compound 7) exhibited potency and selectivity equivalent to that of 4. The relative binding affinities of compounds 4-6 as measured by K i, app (Table 1) indicate that the differences in potency are a result of binding interactions and not differences in the degree of reactivity of the central carbonyl. § § We have been unable to detect any unique, intrinsic reactivity of the central carbonyl of compounds of this class that would account for reaction with the catalytic cysteine. No detectable addition products were observed by proton NMR analysis on exposure of 4 to p-methoxybenzyl mercaptan in d 4 -methanol under neutral, acidic (acetic acid), or basic (triethylamine) conditions. This further indicates that the high inhibitory potency is specifically associated with molecular interactions within the binding domain along with the unique nucleophilic nature of the catalytic cysteine of the enzyme.
That 4 contains a potential leaving group attached to the carbonyl targeted by the cysteine nucleophile is consistent with its time-dependent inhibition kinetics, prompting us to investigate the mechanism of inhibition in greater detail. Initial studies of the mechanism of inhibition by 4 showed it to be essentially irreversible on dilution or dialysis at pH 5.5-9. In experiments using [ Whether the release of Z-leucinylhydrazide is part of the inactivation or is driven by the dialysis or HPLC steps remains an unresolved issue that is the subject of continuing study. The apparent irreversibility of this inhibitor, in contrast to the structurally similar, phenylalanine-based azapeptide esters and amides reported by Abeles (6) to be slow-turnover papain inhibitors, may also be because of the formation of a more stable cathepsin K͞inhibitor complex relative to Abeles' phenylalanine-based papain intermediate. However, the propensity of cathepsin K to undergo self-degradation in its uninhibited form has made it difficult to determine whether there is no release of free enzyme from an enzyme͞inhibitor complex or whether a very slow release of active enzyme is occurring with subsequent enzyme self-degradation. Further studies are also in progress to clarify this point. To obtain direct evidence of a stable acyl enzyme species, cathepsin K was inactivated independently with 4 and the unsymmetric inhibitor 8, and the mixtures were analyzed by on-line LC-MS. In the case of inactivation with 4, the products observed were the Z-acylcathepsin K adduct (M r ϭ M ϩ 305, where M is the molecular weight of free cathepsin K) and Z-leucinylhydrazide (M r ϭ 279) (Fig. 3A) . The Z-leucinylhydrazinyl acyl-cathepsin K adduct was also observed by 13 C NMR spectroscopic analysis of the complex of cathepsin K with 4, which was 13 C-labeled at the central carbonyl and 15 N-labeled at all four hydrazine nitrogens (Fig. 4) . The downfield shift of the carbonyl resonance relative to the free ligand 4 (Fig. 4A) is consistent with the acyl enzyme adduct (Fig. 4B) . Again, formation of this intermediate may be a result of either the inactivation step or the dialysis step used in the preparation of the NMR sample. We are unable to determine in this experiment whether the Z-leucinylhydrazine is still bound in the active site, as was observed crystallographically, without a covalent attachment to the labeled carbonyl. Such complexes, where the released SЈ side fragment remains bound, have been observed with cyclic, proteinaceous, Kunitz inhibitors of trypsin (19) , but have not been reported for small acyclic molecules. On inactivation with 8, the same Z-leucinylhydrazinyl acyl-cathepsin K adduct was observed by MS analysis as was seen with 4. The absence of a benzyloxybenzoylhydrazinyl acyl-cathepsin K adduct is indicative of a single mode of binding and is also consistent with the complex observed crystallographically (Fig. 2C) , where 8 is observed as an apparent tetrahedral adduct spanning the S and SЈ sites in a single orientation, with the nonpeptide portion bound on the SЈ side of the active site. Although the tetrahedral form is the most satisfactory crystallographic solution, § § The coincident 13 equilibrating, cleaved forms with both components still bound cannot be excluded. All four of the bis(hydrazide) analogs 4-7 show good selectivity for inhibition of cathepsin K vs. human cathepsins B, L, and S. Interestingly 4, 6, and 7 did not exhibit timedependent inhibition kinetics with cathepsin S, nor did 5 with cathepsins B, L, and S, albeit with relatively poor inhibitory potency. Alternate mechanisms of inhibition are possible for different enzymes, and more detailed evaluations are in progress. Nonetheless, it is clear that the mechanism of inhibition depends in subtle ways on the specific recognition by the enzyme being inhibited. One can therefore expect that selective inhibition of the various cysteine proteases may be achieved by exploiting the distinctive selectivity elements of each while using the same urea backbone. The importance of highly specific cysteine proteases in numerous intracellular processes suggests numerous opportunities for therapeutic application of this inhibitor concept (4) .
A key aspect of the design of therapeutically useful enzyme inhibitors has been the replacement of amino acid elements by so-called peptidomimetic elements. Compound 8 represents a step in that direction. The previous use in our laboratories of heterocyclic amide bond isosteres in enzyme inhibitors (20, 21) suggested another route into peptidomimetics by replacement of one of the acylhydrazine groups in 4 with a thiazole ring, giving rise to diacylhydrazine 9. Acylhydrazones have been reported to be micromolar inhibitors of cruzain (22) and the cysteine protease from Plasmodium falciparum (23) . However, these compounds differ substantially from compound 9 and may inhibit by other mechanisms. Compound 9 is a potent inhibitor of cathepsin K (K i, app ϭ 10 nM), but now exhibits initial inhibition kinetics (1-30 min) consistent with a rapidly reversible mechanism of inhibition. X-ray analysis of 9 complexed to cathepsin K (2.3 Å resolution) shows it also is best described as a tetrahedral adduct with the active site cysteine thiol (Fig. 2D ). Compound 9 is also bound in only one orientation, with the thiazole ring on the SЈ side of the active site. The alanine analog 10 was found to be 12-fold less potent than 9, consistent with an important interaction of the leucine side chain in the enzyme active site (Table 2 ). § § Compounds 9 and 10 are also highly selective for inhibition of cathepsin K vs. human cathepsins B, L, and S. Incubation of [ 3 H 2 ]leucinelabeled 9 (100 M) with cathepsin K at high concentration (3 M) for 3.5 hr results in loss of 9, consistent with multiple, slow turnovers by enzyme. On-line LC-MS analysis of a mixture of cathepsin K and 9 showed a thiazolyl acyl-cathepsin K adduct (M r ϭ M ϩ 330) along with apparently unreacted cathepsin K. The enzyme adduct was confirmed by direct nanospray MS analysis of 9 in the presence of cathepsin K without purification. Thus, 9 may be partially inhibiting via acylation of the enzyme, possibly acting as a slow, multiple turnover substrate. However, we are unable to exclude possible collapse of a tetrahedral adduct in the mass spectrometer.
Examination of crystallographic data and the results of the solution-phase experiments in the context of a general mechanism of proteolysis by cathepsin K (Fig. 3B) indicates that different stages of the mechanistic pathway are observed in different experiments. For both inhibitor classes, the species observed crystallographically appear to be representative of the tetrahedral intermediate (Fig. 3B, b) . For compounds 4 and 8, the solution-phase experiments suggest that a fairly low energy state is represented by (c). These observations may differ from those reported by Abeles et al. (6) for structurally similar inhibitors of papain that undergo slow hydrolysis via (d) to regenerate active enzyme (e). The mass spectral data suggest that compound 9 can follow an analogous pathway, b-c-d-e. Differentiation of the postulated intermediates a, b, and c or a, b, and c from states on the pathway between them is beyond the resolution of the methods that have been thus far applied.
In all three of the structures studied by crystallography, the electron density between the Cys-25 sulfur and the carbonyl carbon is most consistent with a covalent bond. Specific stabilization of the bound form of these intermediates relative to product release appears to have resulted in freezing at a state that is not normally seen crystallographically. In most cases, so-called transition state analogs that are seen as bound to the enzyme have no apparent pathway for collapse to products. They have nonetheless been extremely useful tools for evaluation of enzyme mechanisms. All three of the inhibitors studied by crystallography contain a potential leaving group (acylhydrazine), and the studies involving incubation of these inhibitors with cathepsin K suggest turnover as substrates. Tetrahedral intermediates and other states along such mechanistic pathways have been observed crystallographically but have required the use of low temperature (24) or timeresolved (25) methods. Thus, we feel that these complexes reported herein may be the closest approximations of tetrahedral intermediates that occur during substrate proteolysis (19) , the precise mechanism of which remains similarly unresolved after decades of study. We hope that an X-ray analysis carried to beyond 1.8 Å will be helpful in understanding the precise processes of inhibition for our small molecules. Clearly, these processes are complicated and will involve complex analytical methods. Nonetheless, 9 and 4 are representative of potent classes of inhibitors of cathepsin K and have been valuable tools for cell-based and in vivo studies. Compounds 4, 7, and 9 were evaluated in a human osteoclast resorption assay in vitro (15) . Of the three, compounds 4 and 7 were the most potent, with IC 50 values of 0.34 and 0.12 M, respectively, and 9 was less potent, with an IC 50 of 2 M. Compound 7 was evaluated in the TPTX rat, an acute model of bone resorption in vivo (26) . At a dose of 13 mg͞kg per hr administered as a 6-hr i.v. coinfusion with hPTH(1-34), 7 caused a highly significant inhibition of the osteoclastmediated calcemic response to hPTH(1-34), maintaining baseline blood levels of ionized calcium (P Ͼ 0.6 vs. baseline at 6 hr) at all time points (Fig. 5) .
In summary, we have designed two new classes of potent and selective inhibitors of the cysteine protease cathepsin K that have potent antiresorptive activity both in vitro and in vivo, and are therefore promising leads for therapeutic agents for the treatment of osteoporosis. The unique binding modes of the inhibitors have been detailed by x-ray crystallography, and the species observed crystallographically may be close approximations of tetrahedral intermediates that occur during substrate proteolysis. Hence, these structures may be useful in further elucidating the mechanisms of cysteine protease processing and inhibition.
